Objective: The objective of this study was to determine whether a history of diabetes during pregnancy, as a marker of perinatal glucose intolerance, increases the odds of a diagnosis of low milk supply at a Breastfeeding Medicine Clinic (BMC). Materials and Methods: A case-control analysis was conducted of electronic medical records for BMC visits <90 days postpartum. Diabetes was defined as documentation of gestational, type 1, or type 2 diabetes. Cases were defined as those with a low milk supply diagnosis but without latch or nipple problems, and controls as those with latch or nipple problems but without low milk supply. A sensitivity analysis was then conducted by expanding cases to include all low milk supply diagnoses, and controls to include any diagnoses except low milk supply. Odds ratios (OR) and 95% confidence intervals (CI) for diabetes were calculated in cases versus controls, including adjustment for cesarean delivery, preterm birth, polycystic ovary syndrome, hypothyroidism, and infertility. Results: In the primary analysis, 14.9% of 175 cases versus 6.2% of 226 controls had a history of diabetes during pregnancy (OR 2.6 [95% CI 1.3-5.2]; adjusted OR 2.4 [95% CI 1.2-4.9]). In the sensitivity analysis, 14.9% of 249 cases versus 6.1% of 312 controls had diabetes in pregnancy 
Introduction
H uman milk is the optimal food for human infants and provides known benefits to both mother and infant. 1 There are significant risks associated with formula use, including increased risk for respiratory and gastrointestinal infection, sudden infant death syndrome, obesity, types 1 and 2 diabetes, and necrotizing enterocolitis. 1 The majority of mothers in the United States initiate breastfeeding. However, only about half of these mothers reach their breastfeeding goals, and only 19% 2 reach the goal of 6 months of exclusive breastfeeding set by multiple professional organizations. 3, 4 Low milk supply is a frequently cited reason why mothers stop breastfeeding earlier than planned. 5, 6 Other than advising mothers to increase the frequency and thoroughness of breast emptying, there are no evidence-based strategies for helping mothers to increase milk supply. 7 Greater insights into the physiologic causes of low milk supply could lead to new treatment strategies. Emerging evidence suggests that correlates of glucose intolerance such as obesity are associated with delayed lactogenesis (delayed onset of copious milk production in the early postpartum), 8, 9 but it is not known if glucose intolerance is associated with difficulty in sustaining milk production.
This study sought to determine the association between glucose intolerance and diagnosed low milk supply using a case-control study design. It was hypothesized that mothers diagnosed with low milk supply (cases) would have significantly greater odds of diabetes during pregnancy (either gestational diabetes or pre-existing type 1 or 2 diabetes) compared with mothers with a diagnosis of nipple or latch problems (controls). If the hypothesis were confirmed, it would lend support to the concept that interventions targeting insulin action may be a promising and novel strategy toward improving milk supply in vulnerable mothers.
Materials and Methods

Study design and source population
A case-control study design was enacted using existing electronic medical records. The source population was comprised of mothers £90 days postpartum presenting for a first encounter to the Breastfeeding Medicine Clinic (BMC) at Cincinnati Children's Hospital Medical Center over a 2-year period ( June 1, 2011-May 31, 2013). Thus, the source population is comprised of mothers from the greater Cincinnati region with a strong enough commitment to breastfeeding to seek professional help to overcome any barriers to continued lactation. The study time period represents encounters occurring prior to the physicians at the Center for Breastfeeding Medicine having an awareness of glucose intolerance being a possible risk factor for low milk supply. The clinic is a referral-based practice of physician lactation consultants who are all board certified in pediatrics and lactation (MD, IBCLC), in a large tertiary care children's hospital. Mothers and infants are both registered as patients and evaluated at the same clinic visit. A standard medical history and a birth history are reviewed with each mother at the first visit, including a history of type 1 or type 2 diabetes or a history of gestational diabetes with this pregnancy. A breast exam and feeding evaluation, including pre-and post-feeding infant weights, are also completed at each visit.
Case definition
The intention was to include mothers who were experiencing insufficient breastmilk production, despite their infant feeding well at the breast. Therefore, cases were defined as mothers with an encounter diagnosis of ''suppressed lactation'' but without a diagnosis indicative of an infant latch or maternal nipple problem (as the latter could be caused by poor infant latch). This diagnosis would only be assigned after history, physical, and feeding evaluation (typically including pre-and post-feeding weights) determined that mother was not making enough milk for the infant to breastfeed exclusively. Mothers presenting with perceived low milk supply who were not found to have milk supply problems during the visit would not be given this diagnosis.
Control definition
The control group was defined as women with encounter diagnoses indicative of a latch or nipple problem but without a ''suppressed lactation'' diagnosis. Diagnosis codes in the control group included: ''poor latch on, postpartum''; ''nipple pain''; ''mastodynia''; ''cracked nipple''; or ''infection of nipple.'' Thus, controls included mothers who had sufficient breastmilk production, despite experiencing discomfort or difficulty with their infant feeding at the breast. Despite breastfeeding challenges, these mothers presumably were able to have sufficient breast emptying to maintain milk production through feeding at the breast and/or pumping.
Primary exposure of interest
The primary objective was to determine if impaired glucose tolerance during pregnancy-as indicated by a diagnosis of gestational, type 1, or type 2 diabetes-increased the risk of low milk supply after delivery. Documentation of type 1, type 2, or gestational diabetes was used as an indicator of past and/or present glucose intolerance. The medical history, pregnancy history, flow sheet sections, and encounter diagnoses of all records were comprehensively searched within the source population for any notation of diabetes. The medical history section of the electronic medical record includes both type 1 and type 2 diabetes with ''yes'' or ''no'' options. Gestational diabetes is available on a list of fixed options under pregnancy complications. Information was extracted through electronic data reports designed by an applications specialist.
Potentially confounding and mediating variables
The values for additional variables that are relevant to the research question were extracted and routinely recorded into fixed fields during the first visit encounter. All values are based on maternal report at the time of the clinic visit. Potentially confounding variables were: infant and maternal age, and maternal history of polycystic ovary syndrome (PCOS), 10 hypothyroidism, 11 or infertility. 12 In addition, delivery mode and infant prematurity (<37 weeks) were extracted, since both are potential mediators of an indirect relation between gestational diabetes exposure and low milk supply via increased risk of less optimal breast emptying. Maternal body mass index was not available because maternal weight and height are not routinely recorded.
Data analysis
Logistic regression analysis was used to examine the exposure odds ratio (OR) and 95% confidence interval (CI) for the association between diabetes exposure and low milk supply. Models were then constructed to examine the odds of low milk supply in those who reported being diagnosed with diabetes during pregnancy (versus no diabetes), after adjusting for confounding and mediating variables. Potentially confounding and mediating variables were included in adjusted models when the p value for its association with either low milk supply or diabetes was <0.20 (t test or chi-square analysis).
A sensitivity analysis was also conducted to determine if the logistic regression results would remain robust to less restrictive definitions of cases and controls. For the sensitivity analysis, the definition of cases was expanded to any mother presenting at £90 days postpartum with a diagnosis of suppressed lactation, irrespective of additional diagnoses, including latch or nipple problem. The definition of controls was likewise expanded to any mother presenting at £90 days postpartum without a diagnosis of suppressed lactation, irrespective of other diagnoses.
Results
Study sample
There were 641 women who had first-encounter visits to the BMC during the designated time period. Of these, 80 women were >90 days postpartum and thus excluded from all analyses. Seventy-four of the 561 women who presented at £90 days postpartum had both suppressed lactation and a latch problem/nipple diagnosis. Eighty-six women had neither suppressed lactation nor latch problem/nipple diagnosis. Thus, for the primary analysis, controls included 226 women diagnosed with a latch or nipple problem; and cases included 175 women who were diagnosed with suppressed lactation but without nipple symptoms/latch problem (Fig. 1) .
In total, 40 records had at least one notation of diabetes in pregnancy. This included 34 women identified with gestational diabetes, four with type 1 diabetes, and two with type 2 diabetes.
Gestational age at delivery was missing for four controls and two cases. Otherwise, potential confounder and mediator data were complete for the 401 women in the analytic data set. For models including gestational age, the sample size was 395 rather than 401. Table 1 summarizes the characteristics of cases and controls. Cases were significantly more likely to have had diabetes during pregnancy ( p = 0.004), a cesarean delivery ( p = 0.01), or a history of infertility ( p = 0.04), and displayed a trend toward greater prevalence of preterm delivery ( p = 0.10) and PCOS ( p = 0.13). Cases were not more likely to have a history of hypothyroidism, and were similar in postpartum day of visit and maternal age. A sensitivity analysis was conducted to determine if less restrictive case and control definitions would affect the estimated OR. The definition of cases was expanded to include any mother presenting at £90 days postpartum with a diagnosis of suppressed lactation, irrespective of additional diagnoses (n = 249), and controls to include any mother presenting at £90 days postpartum without a diagnosis of suppressed lactation, irrespective of other diagnoses (n = 312; Fig. 1 ). The prevalence of diabetes in cases (14.9%) and controls (6.1%) using the expanded definitions were nearly identical to the more restrictive definitions used in the primary analysis. Consequently, the sensitivity analysis produced estimated ORs robust to restrictiveness of case and control definitions. In the expanded analysis, the odds of low milk supply in those exposed versus not exposed to diabetes were 2. Table 2 , model 3).
Discussion
Given previously published reports of delayed onset of lactogenesis being predicted by correlates of glucose intolerance such as obesity, older maternal age, and large infant weight, 8, 13 the hypothesis for the present study was that presence of diabetes during pregnancy (as an indicator of abnormal glucose tolerance) may increase the risk of persistent low milk supply. The findings support this hypothesis. Among study controls, defined as women diagnosed with a latch or nipple problem in the absence of low milk supply, 6.2% had diabetes during pregnancy. This prevalence is equal to the 6.2% prevalence observed in a systematically sampled prenatal cohort from the same city, 9 and slightly lower than the reported 8% prevalence of gestational diabetes for the state of Ohio.
14 In contrast, 15.9% of women diagnosed with low milk supply in the absence of latch or nipple problems had diabetes during pregnancy (cases), resulting in 2.6-fold greater odds of exposure in cases than controls. This relation persisted independently of cesarean delivery, preterm birth, PCOS, hypothyroidism, or infertility. In contrast to the assumption that cesarean delivery would mediate an indirect relation between diabetes exposure and low milk supply, cesarean delivery behaved as an independent risk factor, increasing the odds of low milk supply by 60%, but with negligible decline in the point estimate for diabetes ( Table 2) .
While there have been descriptive studies examining the breastfeeding experience of women with diabetes during pregnancy, 15, 16 to the authors' knowledge, this is the first study to examine the presence of diabetes as a risk factor for low milk supply.
Previous research has reported positive effects of lactation on glucose tolerance. 17, 18 For example, it has been reported that the risk of type 2 diabetes declines as lifetime lactation months increase. 18, 19 In addition, cross-sectional studies in gestational diabetic cohorts report significantly better postpartum glucose tolerance in exclusively breastfeeding women compared with partially breastfeeding or formula-feeding women. 17, 20 These findings have been interpreted as breastfeeding improves metabolic health, and consequently women at risk for diabetes are especially urged to breastfeed. [21] [22] [23] [24] In contrast, the present study is the first to test the reverse relation-that is, whether glucose intolerance causes lactation insufficiency in women attempting to breastfeed. The results support the hypothesis that the same aspects of insulin dysregulation that contribute to gestational diabetes (i.e., waning pancreatic insulin secretion in the context of insulin resistance) may also contribute to sustained difficulties with suppressed production of breastmilk.
While insulin was initially not thought to have a direct role in lactation, 25 a study in rodents demonstrated that the mammary gland transitions from being predominantly sensitive to Insulin-like Growth Factors I and II (IGF) during mammary growth in pregnancy to becoming highly sensitive to insulin specifically during lactation. 26 Similarly, insulin-sensitive gene expression in the mammary epithelial cell was recently shown to be strongly upregulated during lactation in humans. 27 Thus, the present findings are aligned with emerging basic science and clinical evidence 8, 9 pointing to healthy insulin dynamics as an important contributor to timely secretory activation and milk production.
There is widespread belief among clinicians that women diagnosed with PCOS are at risk for low milk production. 28 However, an independent effect of PCOS on the risk of low milk supply was not observed in a model that included diabetes. The results are consistent with those of Vanky et al., who examined whether prenatal metformin treatment improved lactation outcomes in women diagnosed with PCOS. 29 As reported by Vanky, breastfeeding duration in the placebo group averaged an impressive 8.5 months, and was not significantly different from the (prenatal) metformin group. However, it is notable that only 18% of the sample, including the placebo group, developed gestational diabetes. 30 A possible interpretation of these combined results is that: (1) PCOS as a risk factor for insufficient lactation may be limited to the subset of women with postpartum glucose intolerance, and (2) metformin administered prenatally may not be an effective intervention for this condition.
Limitations
The translation of the adjusted odds ratio result to the more clinically relevant relative risk measure is limited by the unknown prevalence of low milk supply in the larger population from which the study controls arose. For the odds ratio to represent relative risk, low milk supply in the source population would need to be <5% prevalence. Low milk supply is a highly prevalent concern of new mothers, but the prevalence of true low milk supply remains unknown. Further study is needed utilizing a prospective cohort design to elucidate better the public health impact of these findings. Covariates in the model were limited by the data available in the electronic medical record. Maternal weight and height were not available because they are not routinely recorded at the visit, thus limiting the ability to adjust for any independent contribution of obesity to low milk supply. Obese mothers are at significantly greater risk of cesarean delivery, 31 and thus obesity may be an unmeasured confounder in the observed association between delivery mode and risk of low milk supply. However, the odds ratio for diabetes was only slightly attenuated after adjustment for delivery mode, suggesting that glucose intolerance is a risk factor for low milk supply independent of obesity, even if delivery mode is representing residual confounding related to maternal obesity.
Case and control definitions were based on the available encounter diagnosis options as chosen by the provider at the time of the visit. While there were no options that would likely compete with ''suppressed lactation'' for coding low milk supply, there are multiple options for coding problems that may indicate suboptimal infant breastfeeding behavior, necessitating the expansion of the encounter diagnosis list for signifying latch problems. As a result, among the nipple symptom diagnoses, some but not all represent mothers who were having difficulty with the infant feeding at the breast (and other records may represent mothers who were having nipple or breast pain unrelated to how their infant was feeding at the breast). Nonetheless, all of the controls represent mothers without low milk supply, despite encountering a latch or nipple problem or discomfort.
Diabetes in pregnancy often complicates the maternity course, including greater risk of maternal-infant separation after delivery due to infant complications, neonatal intensive care unit stay, or cesarean delivery. It is possible that, among study cases, some of the infants may have had latch difficulties as newborns that contributed to low milk supply but resolved prior to the first encounter at the BMC. However, the sensitivity analysis revealed that mothers with low milk supply (cases) had the same rate of diabetes as the group of mothers who were excluded because they had diagnoses of both low milk supply and latch/nipple problems (Fig. 1) . This finding suggests that the presence of diabetes has a physiologic effect on milk production that is independent of diabetes complications that may interfere with feeding at the breast, because no additive effect of latch/nipple problems on risk of diabetes exposure was observed.
Conclusion
Utilizing data from a source population of women who were highly motivated to breastfeed, significantly greater odds of diabetes history was observed in women with a low milk supply diagnosis compared with women with latch or nipple problems and, more generally, compared with women with any other lactation difficulty. Two decades of research have consistently shown that obesity is a risk factor for poor lactation outcomes. Even though insulin resistance is common among obese women, no published clinical study has prospectively examined how insulin secretion and sensitivity may impede lactation. Future research may reveal an important role for healthy insulin action in supporting milk production, which opens up an entirely novel venue for the development of targeted therapeutic interventions to treat low milk supply.
